The M w 7.6 1997 Manyi earthquake occurred in an area of central northern Tibet where sparse vegetation coverage and a lack of human habitation provide excellent conditions for Interferometric Synthetic Aperture Radar (InSAR) studies. We use coseismic pairs of radar images acquired by the ESA ERS-2 satellite to construct interferograms of the surface displacement field due to the earthquake. The location and extent of the coseismic fault rupture are mapped using a combination of optical satellite imagery, high-resolution digital topography, interferometric correlation and azimuth offset measurements; in so doing, we are able to relate prominent geomorphic features in the fault zone to bends in the fault.
I N T RO D U C T I O N
On 1997 November 8, a M w 7.5-7.6 earthquake struck the Manyi region of north central Tibet. This remote and uninhabited area, several hundred kilometres from the nearest major road, is very difficult, if not impossible, to access for field-based study, and so remote sensing techniques such as Interferometric Synthetic Aperture Radar (InSAR) constitute the best means available to learn about the deformation that occurred at the surface. Indeed, given the high modal elevation of the Manyi region (∼5000 m) and the corresponding lack of boreal vegetation, as well as the absence of human modification of the surface (e.g. agriculture), conditions on the ground here favour the application of InSAR. In this study, we use a high-resolution ground displacement data set obtained using InSAR, together with a map of the surface expression of the Manyi fault obtained using a combination of remote-sensing data sets, to invert for both the geometry and distribution of slip of the fault responsible. In so doing, we aim to address a recent controversy sur- * Now at: Berkeley Seismological Laboratory, University of California, Berkeley, CA 94720, USA.
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rounding the nature of the elastic rheology operating in the upper crust in this area.
Tectonic setting
Among the striking surface tectonic features in northern Tibet are the large strike-slip faults which extend for hundreds of kilometres both along the edges and in the interior of the plateau. The largest of these interior strike-slip belts, the Kunlun fault zone, extends for over 1000 km in NE Tibet, and has an estimated left-lateral slip rate of ∼12 mm yr −1 , obtained by dating offset Quaternary features ( Van der Woerd et al. 1998 , 2002 . The Kunlun fault is known to release strain in large earthquakes at its western end; in 2001, a M w 7.8 earthquake occurred at Kokoxili (Fig. 1) , rupturing approximately 450 km of the fault in three subevents (Xu et al. 2002; Antolik et al. 2004) .
At its western end, the Kunlun fault is thought to split into a number of splays, which have been identified by interpretation of satellite images (Tapponnier & Molnar 1977 ), but have not been mapped extensively in the field. The Manyi fault, first identified by Tapponnier & Molnar (1977) is one of these splays, and has a trend almost continuous with that of the Kunlun fault. It is located some 200 km to the west along-strike from the Kunlun fault, and extends a further 200 km with this trend. The Manyi area has experienced two major earthquakes in the past four decades-the Velasco et al. (2000) and Antolik et al. (2004) , respectively. In both cases, an approximately linear trend can be identified in the aftershocks parallel to one of the earthquake nodal planes, giving an indication of the location of the active fault responsible. Although not colinear, the two seismicity bands are almost continuous, suggesting a connection between the two faults. All events were located using joint hypocentral determination (Dewey 1971) relative to the Manyi hypocentre of Steck et al. (2001) by Robinson (private communication, 2005) . Red dashed lines indicate the coverage of the three ERS-SAR tracks used in this study (track numbers are given). Topographic data are taken from the Shuttle Radar Topography Mission (SRTM; Farr & Kobrick 2000) . M w 7.4 1973 July 14 event, which had an oblique (strike-slip and normal) faulting mechanism (Molnar & Chen 1983) and was probably located at the western end of the identified Manyi fault (Tapponnier & Molnar 1977) , and the 1997 earthquake which is the subject of this study.
Seismological observations of the Manyi earthquake
Catalogued and published seismic solutions (Velasco et al. 2000 ; Table 1 ; Fig. 1 ) for the 1997 Manyi earthquake are consistent with approximately E-W-striking left-lateral strike-slip faulting. Relocated aftershock data using regional velocity models (Velasco et al. 2000; Steck et al. 2001 ) delimit a fault zone -200 km long, aligned with the previously identified Manyi fault (Tapponnier & Molnar 1977) . Surprisingly, this large earthquake had no large aftershocks -the largest aftershock, a M w 5.1 event, was around three orders of magnitude smaller than the main shock in moment.
In order to obtain a suite of solutions for the mechanism of the Manyi earthquake, Velasco et al. (2000) used a number of different seismological approaches, including surface wave spectral methods, inversion of body waves, aftershock relocation and empirical Green's function analysis. In general, their solutions had similar features, with seismic moments clustered around 2 × 10 20 N m, values of rake consistent with almost pure left-lateral strike-slip motion on an E-W fault, and moment release occurring at depths of 15 km or shallower. Their body wave analysis suggested that the rupture propagated for around 50 s, bilaterally for the first 20 s and then westward for the remainder, with the observed P-and SH-wave radiation patterns explicable in terms of five subevents, all located within ∼25 km of the hypocentre. Peltzer et al. (1999) used synthetic aperture radar (SAR) data from the European Space Agency ERS-2 satellite to study the displacement field at the surface due to the earthquake, constructing interferograms and azimuth offsets. They interpreted an offset of the peak displacements observed on opposite sides of the fault as representing the effects of a non-linear elastic rheology in the crust in this location, with a smaller elastic modulus operating when the crust is under tension than when under compression. The rationale for this was that the presence of pre-existing weaknesses, such as cracks, in the crust would act to limit its tensile strength. They calculated two models of the deformation-the first a linear elastic model, based on 7 m of pure left-lateral strike-slip on an 8-km-wide vertical fault, and the second a distributed-slip model, based on a 100 × 15 km fault, where different elastic moduli were tried in the compressional and dilatational quadrants of the deformation pattern. The former model did not match profiles of deformation taken across the fault; however, the latter models did match profiles taken along the fault, when the compressional and dilatational elastic moduli differed by a factor of two. On the basis of this, they asserted that non-linear elasticity is a plausible explanation for the deformation pattern.
Other studies of the Manyi earthquake
This interpretation remains controversial (e.g. Fialko et al. 2001; Simons et al. 2002) , however, as all other published models of large earthquakes generated from InSAR data, both prior and subsequent to this one have been adequately explained through the application of linear elastic theory. In this paper, we search for models that do not require non-linear elasticity, but rather explain the observed features of the interferograms in terms of the geometry of the fault.
M E A S U R I N G G RO U N D D I S P L A C E M E N T S W I T H I N S A R
The rupture area of the Manyi fault, as defined by the aftershock zone, is covered by three ERS-SAR tracks (Fig. 1) . Pairs of SAR images, covering three frames from each of these tracks and straddling the fault, were processed using the JPL/Caltech ROI PAC software (Rosen et al. 2004) . Details of the data used are given in Table 2 . A 3 arcsec digital elevation model (DEM) obtained by the Shuttle Radar Topography Mission (hereafter SRTM; Farr & Kobrick 2000) was used for geocoding and to correct for any topographic signal in the data. Delft precise orbits (Scharroo & Visser 1998) were used to correct for the orbital contribution to phase. Given the size of the coseismic signal (see below) we prefer not to risk introducing systematic biases into our data by re-estimating the best planar or quadratic orbital correction during processing, preferring instead to estimate a correction when modelling the fault slip (Section 4). We unwrap the interferograms using the branch-cut unwrapper in ROI PAC (e.g. Rosen et al. 2000) ; for the central track (track 305) interferogram, which is effectively cut into two halves by decorrelation, we unwrap each half separately and solve for a separate zero-level ambiguity for each during modelling. The completed interferograms, rewrapped at 10 cm intervals, are shown in Fig. 2 . The most prominent feature in the data is a large cluster of fringes, centred on the central track (track 305), representing the area of greatest moment release. There is a narrow, linear band of decorrelation that bisects this deformation pattern, cutting through the area of the highest deformation gradients, which is most probably due to the rupturing of the surface during the earthquake, and when compared with other satellite and topographic data, is interpreted as representing the surface trace of the coseismic fault (Section 3). The maximum peak-to-trough line-of-sight (LOS) offset observed across this feature is ∼2.4 m in the central and eastern tracks, which, if resolved into a purely horizontal motion along the trend of the surface rupture, is equivalent to a surface offset of ∼7 m.
This main deformation feature, when examined more closely, is demonstrably asymmetric. There is around 30 cm more LOS deformation to the south of the decorrelated band, than to the north, suggesting the fault may not have a vertical dip. In addition, the loci of maximum deformation either side of the surface rupture are offset by ∼20 km in a right-lateral sense. This is unusual-in most other cases of earthquakes studied using InSAR, the maxima of deformation do not show such an offset. It was this observation that led Peltzer et al. (1999) to propose an alternative, non-linear elastic rheology for the Manyi area; we will discuss the implications of this observation in later sections. Another notable feature of the interferograms is a second area where there is a clear symmetrical clustering, albeit smaller in extent, of fringes which are cut by an extension of the same decorrelated band. This feature, located in the centre of the western track (track 076), perhaps represents a second subevent of the earthquake.
The degree of correlation in all of the interferograms is high, with clear signal right up to the fault on both sides in many phases. This is most likely due to the short interval between the image acquisitions, the lack of agricultural activity and the low levels of vegetation at the high elevations of the Tibetan plateau. This high degree of data coverage, coupled with the low apparent levels of atmospheric noise, makes this an excellent data set for the purposes of understanding the faulting processes at work.
T H E M A N Y I FAU LT
An accurate knowledge of the surface location of the fault is a strong constraint on models of the earthquake source derived from geodetic data, reducing the number of unknown parameters, and preventing biases due to fault mislocation. To this end we first use a combination of data sets to study the geomorphology of the Manyi fault, the extent of the coseismic disturbance, and the coseismic fault offset in order to locate accurately its surface trace.
Geomorphic expression of the Manyi fault
The original identification of the Manyi fault was on the basis of its appearance in satellite photographs (Tapponnier & Molnar 1977) . In the case of strike-slip faults like the Manyi fault, typical features include en echelon segmentation, offsets of geological markers, topographic features and drainage, vertical elevation changes due to local fault geometry (e.g. transpressive and/or transtensional features), and fault scarp formation (e.g. Yeats et al. 1997) .
In order to investigate these phenomena, we use a combination of multispectral satellite imagery and high-resolution digital topography. The aftershock zone of the Manyi earthquake cuts across three LANDSAT-7 Enhanced Thematic Mapper tracks, from each of which we use two frames, all acquired after the event (Table 3) . Images were selected, where possible, on the basis of minimal cloud and snow coverage, and assembled into a mosaic by manually ad- justing the colour balances of adjacent scenes. The topographic data set that we use here is a high-resolution (40 m) DEM constructed from ERS tandem pair data (Table 2 ). Six frames from the three SAR swaths covering the epicentral region were processed using the ROI PAC software (Rosen et al. 2004) . We prefer to use this data set for topographic analysis as it has higher resolution than the avalable SRTM DEM, and thus allows the discrimination of smaller-scale features. The tandem pair DEM was registered to the GTOPO30 elevation data set (http://edcdaac.usgs.gov:80/gtopo30/gtopo30.asp) to remove long-wavelength warps and tilts. Finally, we registered our LANDSAT mosaic to the DEM by manually selecting ground control points on prominent topographic features across the area of interest and computing a bicubic warp. A perspective view of the high-resolution topography of the Manyi earthquake epicentral region, overlain by the false colour (RGB bands 541) LANDSAT-7 mosaic of the same area, is shown in Fig. 3 . Along much of its length, the fault can be identified as a step or a cut in the landscape, or, in areas where there is little relief, as a sudden change in lithology (i.e. a change in colour) or a deflection in the orientation of a drainage channel across a linear boundary. In the sections that follow, we describe the key geomorphic features; distances quoted are measured along-strike from the westernmost point of the fault.
The western end of the fault (0-30 km)
At the western end of the aftershock zone, the surface trace of the Manyi fault is difficult to determine from the LANDSAT image alone (Fig. 4a) . Evidence for three potential splays at this end of the fault can be identified in the high resolution topography (Fig. 4b) ; corresponding features can then be identified in the LANDSAT image. Three linear ridges can be seen in the eastern half of Fig. 4(b) , fanning out from east to west; in particular, the ridge in the north and that in the centre can be traced along-strike for at least 30 km in this area. Without the evidence from additional sources (such as the interfeometric decorrelation, see below) which suggest it was the central splay that failed in the 1997 earthquake, one might select the northern fault trace, the more contiguous structure; certainly it is possible that all three of the splays could be seismically active.
The central splay is defined in the topography by a discontinuous sequence of narrow (1-2 km wide) ridge segments, the longest of these extending for approximately 10 km. The surrounding terrain is flat and featureless, save for the putative fault splay features to the north and south, increasing the likelihood that these are pressure ridges, formed in response to a small local compressional component in the faulting. The exact location of the end of this splay, and therefore, the coseismic fault, in the west cannot be clearly identified from either the topography or the satellite imagery; we use the extent of the fault as estimated from interferometric decorrelation here.
Pull-apart basin (30-70 km)
The fault trace is at its most notable where it cuts across an alluvial fan system at 40-60 km along-strike. The fans build out southwards from a region of elevated topography north of the fault towards the north shore of an apparently shallow lake, the largest in the epicentral region, presumably occupying a pull-apart basin where the fault jogs to the left. The fault appears as a narrow white line, clearly offsetting the fan drainage channels in an enlargement of the LANDSAT image (Fig. 4c) ; the topography of the same area shows an abrupt break in the local slopes in the same location (central arrowhead, Fig. 4d ). The LANDSAT image can be used to trace the same linear fault from the lake shore to both the west (where it again appears as a white line) and east (where it appears as a colour change in the image, presumably due to a lithological change across the fault). In the west of Fig. 4(d) it is difficult to locate the fault in the topography, except where there is again a break in slope on a embayment of the same elevated topography (location of the westernmost arrowhead in Fig. 4d ); in the east of the same figure, the fault is marked by a narrow elongate push-up ridge as it is at its westernmost extent (Section 3.1.1 above), the ridge appearing to run immediately to the south of the fault.
Pressure ridge (90-130 km)
A second large lake, close to the mapped fault trace, is found between approximately 90 and 110 km along-strike. This lake appears to be ephemeral, with varying levels of water and snow in different satellite images. The fault can be identified as a change in lithology close to the southwestern tip of the lake (Fig. 4e ). This feature can be traced eastwards in both the LANDSAT imagery and the digital topography ( Fig. 4f ) through a abrupt change in relief. To the north of the mapped trace lies a smooth, flat plain abutting the lake, to the south is a steeply sloping elevated ridge some 5 km wide, the trace having an approximately E-W trend at this location. Further east, the fault trace swings around to a more east-northeastward strike, visible in the LANDSAT imagery as a local colour change, presumably as a result of a localized lithology change, and in the topography by a very localized feature less than a kilometre wide. The development of the ridge can be explained as the effect of local transpression, where the fault undergoes a restraining right jog.
The cryptic eastern end of the fault (140-180 km)
As at its western end, in neither the elevation data nor the imagery is it clear where the fault trace goes at the eastern end of the aftershock zone. The fault trace can be mapped in the LANDSAT imagery ( Fig. 4g ), again as a colour change which probably represents a fault-related lithology change, up to the end of an approximately E-W trending lozenge-shaped ridge, located at approximately 160 km along-strike. Beyond here two branching splays can be identified (marked in Fig. 4g with question marks) flanking the ridge on either side, on the basis of a change in topography. The digital elevation data (Fig. 4h) , where a single feature can be traced up to a ridge, before apparently dividing, suggests the same interpretation. Multiple candidates for the extensions of these two branches can be identified further to the east; without further information from interferometric correlation or azimuth offsets (see below), it is not possible to identify which of these is the active strand, or indeed whether either is active at all.
Mapping surface faulting with interferometric correlation
The interferometric correlation image is a by-product of InSAR processing. It provides a measure of the stability of the phase contribution of small radar scatterers within each interferogram pixel-if these scatterers are disturbed or modified in some way by some change to the surface, then the phase contribution of the pixel will change in a random fashion, and the correlation will be low; correlation will be high if the surface is unchanged. Typically objects or situations that can cause decorrelation of an interferogram pixel include the growth or movement of vegetation (in particular boreal forests); bodies of water; the falling or melting of snow; human activity (e.g. agriculture); high fringe gradients due to steep slopes, long perpendicular baselines between image acquisition points and/or large gradients in deformation at the surface; and physical disruption to subpixel scatterers due to natural hazards, such as floods, landslides or earthquakes. The probability of decorrelation also increases with the length of the interval between SAR image acquisitions.
In the case of a remote, barren area such as the Manyi region, many of these effects can be neglected-there is no human activity, and the extremely high elevations (modal elevation is ∼5 km) mean there no boreal vegetation. In practice it is also possible, through comparison using the elevation of each figure and its appearance using the LANDSAT and DEM data shown above (Section 3.1) to determine which decorrelation features are due to factors such as slope steepness or the presence of groundwater or snow at the surface. The remainder, in the case of the coseismic pairs of ERS-2 images for Manyi, can be interpreted as decorrelation caused by the surface rupture of the earthquake in that area.
A composite interferometric correlation image constructed from the coseismic pairs from all three ERS-SAR tracks is shown in Fig. 5(a) . A prominent linear feature where the correlation is low can be seen along the length of the aftershock zone, most likely representing damage to the ground and steep displacement gradients created by the rupturing of the surface by the earthquake, as seen in other events (e.g. Simons et al. 2002; Talebian et al. 2004; Fielding et al. 2005) . The linear decorrelation band extends further to the west than the fault traces mapped above, indicated by the westernmost arrowhead in Fig. 5(a) . The location of the fault at the eastern end of the aftershock zone remains difficult to determine. A large decorrelated area close to the continuation of the fault in this area prevents the extension of the fault trace map here, but there is no convincing evidence in the decorrelation image for the fault adopting an E-W trend in this area.
Mapping the fault trace using azimuth offsets
Another means through which SAR data can be used to locate the active fault trace is through the calculation of azimuth offsets, the positional shifts required to precisely align the two SAR amplitude images in the along-track direction (Michel et al. 1999; Peltzer et al. 1999) . In this way information about purely horizontal coseismic displacements in the along-track direction of the satellite is obtained, and any coherent discontinuity indicates the location of the fault. In the case of Manyi, the coseismic pairs of SAR images used to construct the interferograms were matched at four pixel intervals using the ROI PAC program ampcor. To reduce the effects of noise and false matches in the data, offsets greater than 1 pixel in magnitude, equivalent to a movement of ∼4 m on the ground resolved into the along-track direction, were masked out, and a median filter was applied. Signal-to-noise ratios were further boosted by averaging of pixels in the along-track direction, and a planar trend, fitted to the data in the far-field away from the fault, was used to correct the data for long-wavelength signals due to the different observation positions of the satellite when the SAR images were acquired.
A composite image of the azimuth offsets for the three tracks is shown in Fig. 5(b) . Although the fault orientation is almost perpendicular to the track direction of the satellite, a peak along-track offset of ∼1 m can be observed in the image at the location of the InSAR decorrelation band. The level of false matches in the azimuth offset images is higher in the far field than the degree of incoherence in the interferograms, resulting in more patchy coverage, especially for the eastern track (track 033). However, azimuth offsets depend on the amplitude of the backscattered radar, a quantity that is less sensitive to surface change (and therefore decorrelation, see Section 3.2 above) than the interfeometric phase. In several areas therefore, the near-fault coverage is more comprehensive than that in the interferograms, especially around the eastern half of the fault.
As a result of this high level of near-fault coverage, the azimuth offsets offer the most comprehensive picture of the fault rupture of the various data sets used. The fault can be seen as a step in the offsets in Fig. 5(b) , from red (positive along-track offset) to green (negative along-track offset). The fault can be traced along the length of the image, even in the east, where a step in the diffuse azimuth offset data (location indicated with arrowheads in Fig. 5b ) enables us to see that the fault has swung towards a NE-SW trend in this area. Even though fault slip at this end of the fault is likely to be smaller than at the centre of the fault, this change in orientation towards the satellite descending track direction allows it to be identified.
The fault trace
Tracings of the Manyi fault from each of the different observations (Figs 4 and 5), are plotted together in Fig. 6 . There is generally excellent agreement between the four traces along much of the length of the fault, especially in the central portion between 86.5
• E and 87.5
• E. At the western end of the fault (west of 86.5
• E), there is agreement between the two traces derived from the SAR data -the azimuth offsets and interferometric correlation -but only poor constraints from the topography and LANDSAT imagery. At the eastern end (east of 87.5
• E), the only continuous mapping comes from the azimuth offsets -as mentioned above, there is no convincing through going feature identified in any of the other data sets. Excepting this 'dog-leg' at the eastern end, the average strike of the main portion of the fault is approximately 258
• , and shows broad agreement with the trend of the aftershock pattern located relative to the main shock by joint hypocentre determination (Robinson, private communication, 2005; Dewey 1971 ). Table 4 . Grey transparent boxes indicate the locations of the images in Fig. 4 , grey dashed box gives location of images in Fig. 5 . Relocated aftershock data (white circles), located relative to the hypocentre of Steck et al. (2001; red star) provided by Robinson (private communication, 2005) . Main shock focal mechanism is taken from Velasco et al. (2000) .
In order to simplify the overall, complex surface pattern of the fault, we fit the trace with a series of 11 straight line segments (Fig. 6 ). These are used as the basis of our uniform and variableslip models, as developed below (Section 4). For the purposes of description, the fault segments are numbered from 1 to 11, starting with the westernmost segment.
O B TA I N I N G S O U RC E PA R A M E T E R S U S I N G E L A S T I C D I S L O C AT I O N M O D E L L I N G

Data reduction
In order to expedite the modelling process, we utilize the high degree of spatial correlation in the interferogram to create a more manageable data set through downsampling. To achieve this we employ a modified quad tree decomposition algorithm (e.g. Jónsson et al. 2002) , focusing the sampling, in this instance, on areas of high curvature in the line-of-sight displacements (e.g. Simons et al. 2002) . A maximum block size of 10 240 m was selected based upon the e-folding lengthscale of the correlated noise in the interferograms (e.g. Wright et al. 2003; Wright et al., in preparation) . For each interferogram, this reduced the number of data points from several million to ∼1500-2000. We choose not to use the azimuth offset data in the inversion process for two reasons. As the offsets are measurements in the satellite along-track direction, they are relatively insensitive to motion parallel to the Manyi fault; in addition, the offsets have a noise level one to two orders of magnitude larger than the InSAR data and would, therefore, have a very low weighting in, and influence on, the inversion for the additional computation required.
Single fault uniform slip models
For a first-order description of the Manyi earthquake source, we model the resampled displacements using a single rectangular elastic dislocation in a uniform half-space (Okada 1985) . We solve for nine parameters describing this dislocation -its strike, dip, rake, slip, latitude, longitude, length, top and bottom depths -using a downhill simplex algorithm with multiple Monte Carlo restarts (e.g. Clarke et al. 1997; Wright et al. 1999 ) to obtain the set of parameters corresponding to a global minimum misfit between the model and the data. In addition, we solve for three nuisance parameters for each displacement data set -a static shift in measured displacement, and gradients of displacement in the east-west and north-south directions -to account for zero-level ambiguities and any residual long wavelength orbital errors, respectively. As the mapped fault trace is complex, and inverse models of this type can be appreciably biased when trying to fit data from the 'wrong' side of the fault, data points located within 3 km of the mapped fault trace were excluded from this inversion. The model we obtain (Table 4 ; Fig. 7 ), shows 5.76 m of near-pure left-lateral strike-slip displacement on a 84 km-long fault, striking parallel to the aftershock trend, and dipping steeply northward. Although the level of fit is acceptable in the furthest far-field (at distances ≥100 km from the fault trace), elsewhere the model shows a poor fit to the data, as evidenced by its large root mean squared (rms) misfit value for the restricted data set used in the modelling (0.092 m) and the large numbers of residual fringes that remain when the synthetic model is subtracted from the real data (Fig. 7g) . Misfits are commonly of the order of 0.5 m or greater in amplitude in areas near the mapped fault trace. The fit is especially poor in the western half of the fault, where the residual displacements are not only large in amplitude near the fault trace, but significant over large distances away from it, with over 0.1 m of residual displacement at distances of ∼40 km. The poor fit in the west is most likely due to the presence in this area of the second cluster of fringes, possibly due to a second subevent of the earthquake (see Section 2.1 above), that a single elastic dislocation cannot fit. In addition, the presence of 'alternating' clusters of residual fringes either side of the mapped fault in the central track, which are located on the insides of bends in the mapped fault trace, suggest that there is first-order structure to the deformation pattern that cannot be explained by a single straight fault. The relatively low seismic moment for this model, when compared with those obtained seismically (Table 1) is additional evidence that such a simple model cannot satisfactorily describe the Manyi earthquake.
Multiple fault uniform slip models
Seismological studies of the Manyi earthquake suggest that it was a complex event with multiple subevents (Velasco et al. 2000) . In addition, we have already demonstrated that the surface trace of the coseismic fault deviates significantly from a straight line, and may be segmented. Therefore, a reasonable step that can be taken to improve the level of fit to the data is to use a fault with multiple segments, estimating the amount of slip on each separately. We adopt the simplified 11 segment fault geometry already described above (Section 3.4), fixing the surface location, strike and length of each fault segment. Given that the effects of a fault rupture can be observed in the interferometric correlation along the length of the fault, it is reasonable to also fix the top depth of all of the faults to be zero. The remaining four fault parameters for each segment (dip, rake, bottom depth and slip) can then be determined using the same downhill simplex/Monte Carlo method as above. It is not possible to solve efficiently for every parameter on every segment simultaneously-such an undertaking would be extremely expensive computationally, and subject to problems of trade-off and nonuniqueness. Therefore, we simplify the inverse problem by solving for a single value of dip, rake and bottom depth for multiple fault segments, whilst simultaneously solving for the slip on each segment. We model two scenarios, as described below. In both cases, data points less than 750 m from the fault trace were excluded, the distance being sufficient for no data points to fall on the 'wrong' side of the simplified fault trace. Table 4 . Further description and interpretation given in the main text.
A single-dip fault model
The simplest case we consider is that where all of the 11 fault segments are constrained to have the same dip, rake and bottom depth. Our best-fitting model of this type is listed in Table 4 , with synthetic and residual interferograms plotted in Fig. 8 . As in the case of the single fault model, the fault dips steeply to the north; the rake is again close to pure left-lateral strike-slip, with a slightly larger normal component in this case. There is a peak of 5.34 m of slip at the centre of the fault, somewhat less than the 7 m offset that can be inferred directly from the interferogram, suggesting that there may be a concentration of slip at shallow depths which cannot be resolved by this model. No slip is required on the easternmost (and most poorly constrained) fault segment. The model seismic Table 4. moment, 2.18 × 10 20 N m, is consistent with values obtained by seismological studies (Table 1) .
As might be expected, this model shows a substantial data-fitting improvement over the single fault case, with significantly lower rms misfits, where the misfit to the same reduced data set is calculated (Table 4) , and dramatically fewer residual fringes over distances of 5-40 km from the fault (Fig. 8g) . The fit is especially good between segments 2 and 4 in the west, and segments 8 and 11 in the east, where residuals are small and local to the fault trace. Significant residuals (∼0.3 m) still remain at both the westernmost end of the fault (labelled R1 in Fig. 8g) , possibly reflecting the uncertainty in the extent of the fault in this area. There are also notable residuals in the centre of the fault (corresponding to fault segments 4-7). The most interesting of these residual features is a cluster of residual fringes on the south side of the fault in the bend between fault segments 4 and 5 (labelled R2 in Fig. 8g ). These fringes appear to represent one half of the asymmetric deformation feature in the interferogram noted by Peltzer et al. (1999) . It is clear that a fault model with a single, steep dip cannot fit the fringes on both sides of the fault in this location. The final large residual (labelled R3 in Fig. 8g ) is a symmetrical feature that probably reflects a variability in the amount of slip with depth that cannot be resolved by a uniform slip model.
A reversing-dip fault model
The second scenario we model is the case where the fault has a change in its dip, rake and bottom depth somewhere along its length. The fault segments are divided into two groups and a single dip, rake and bottom depth solved for each, doubling the number of geometric parameters to be solved by the hybrid simplex/Monte Carlo algorithm over the previous scenario. A number of different groupings are tried. The best-fitting of these models is listed in Table 4 and displayed in Fig. 9 . In this model, the first group, comprised of segments 1-4, dips steeply to the south, and the remaining segments dip steeply to the north as before. This reversal in dip is accompanied by an increase in bottom depth moving from west to east, and a small change in rake, although given the change in dip direction, the sense of vertical motion on each side of the fault remains the same. The peak in slip is located in the vicinity of the dip reversal on the fourth fault segment, and at 6.73 m is close to that inferred from the fringe offset at the fault. Again there is no slip required on the easternmost fault segment. The total seismic moment of 2.63 × 10 20 N m is higher than the seismic estimates listed in Table 1 , but not substantially so.
The reversing-dip model shows an improvement in the rms misfit to the data of around 20 per cent over the single dip scenario. Qualitatively, it seems that the level of misfit, represented by the distribution of residual fringes, is improved in general along the fault, with the possible exception of the very eastern end. The most striking improvement in the residual fringe pattern is in the central portion of the fault (segments 4-7). Here, the feature associated with the interferogram asymmetry present in the residual interferogram for the single dip case (labelled R2 in Fig. 8g ), has been dramatically reduced in amplitude, suggesting that the asymmetric pattern seen in the original interferogram may be due to a change in fault geometry at this location. Some significant residuals remain-again, at the western end of the fault, and in the vicinity of the seventh fault segment (the feature labelled R3 in Fig. 8g ). In general, however, we are satisfied that the reversing-dip model provides a more satisfactory description of the deformation pattern, and use it as the basis of the more detailed modelling below.
Multiple fault variable slip models
The tests with uniform-slip models demonstrate that it is not possible to reproduce all of the deformation observations satisfactorily using such models. One explanation for this may be that the set of fixed fault segments does not accurately describe the geometry of slipping areas on the fault, so that some portions of fault segments have inappropriate levels of slip forced upon them. This problem is exacerbated by the excellent data coverage close to the fault along the majority of its length from the high coherence in the interferograms, which is likely to have greater resolving power than uniform slip models can satisfy. Therefore, it is likely that if the slip on each fault segment is allowed to vary spatially, there will be significant improvements to the fit to the data compared to the equivalent uniform slip case.
The fixed rake case
For a first variable slip model, we use the geometry of the best-fitting uniform slip model obtained above, extending the model fault to a depth of 20 km and divided into patches approximately 4 × 4 km in dimensions-giving a total of 47 divisions along-strike and five divisions downdip. (Full details of the fault parametrization and its location in space, and of modelled fault slip are given in an online supplement: URL.) We fix values of rake for each fault segment to those obtained in the uniform slip inversion. The value of the slip on each fault patch is linearly related to the displacements measured using InSAR, and can thus be obtained using a least-squares inversion process. We also solve linearly for nuisance parameters relating to the zero-level ambiguity in slip and residual orbital tilts in the N-S and E-W directions for each data set, as for the uniform slip case. We impose a Laplacian smoothing criterion to prevent unphysical oscillatory slip, and solve the least-squares problem using the Fast Non-Negative Least-Squares (FNNLS) algorithm (Bro & De Jong 1997) , thus explicitly removing the possibility of retrograde fault motion in the model. Further details of the model formulation and of resolution testing are given in Appendix A.
Our model results, along with synthetic and residual interferograms showing the fit to the data, are shown in Fig. 10 , with details listed in Table 5 . Slip is concentrated within the upper 8 km of the fault, peaking at 7.46 m at a distance of 100 km along-strike. Up to four areas of high slip, or asperities can be identified within the slip pattern. Three -those between 76 and 92 km, 96 and 116 km, 124 and 132 km along-strike -form a connected chain, comprising the area of maximum moment release, with a fourth located between 152 and 160 km along-strike. All significant slip is concentrated within the upper 8 km of the fault, which is also the region of peak model resolution (Appendix A3, Fig. A2 ). In keeping with the observed second cluster of interferogram fringes in the west (Fig. 2) , there is also a small peak in slip at the western end of the fault (between 20 and 32 km along-strike). Everywhere on the fault, the 1σ uncertainties, estimated by a Monte Carlo process (Section A2), are less than 10 cm, indicating that the slip pattern is well constrained. The total seismic moment, of 2.52 × 10 20 N m, is around 10 per cent higher than the available seismic estimates (Table 1) , but is smaller than that obtained in the uniform slip case above (Section 4.3.2), suggesting that slip has been removed from areas that did not require it in the previous case.
As might be anticipated, the degree of fit is improved over the uniform slip case, with residuals that are smaller in amplitude, and located closer to the fault, reflected in the reduced rms misfit of 0.052 m. One prominent residual remains, however, to the south of fault segment 7, between 132 and 144 km along-strike. The polarity of this residual feature suggests that slip may be underestimated in this area by the fixed rake model.
The variable rake case
A further refinement of the variable slip model described above can be made by allowing the rake to vary between fault patches. We Figure 9 . Multiple segment uniform slip model of the Manyi earthquake, with an along-strike change in dip, rake and bottom depth. Elements (a-g) as for Fig. 7 . Details of the model given in Table 4 . Further description and interpretation given in the main text.
achieve this by defining two basis functions for slip on each fault patch-one with a rake of −45
• and the other with a rake of 45
• . The best-fitting combination of slip in both of these basis directions in a least-squares sense can then be used to estimate both the slip and the rake for each fault patch. If the FNNLS algorithm is used to obtain the solution, as for the fixed rake case above, then the rake is effectively bounded between −45
• and 45
• . All other aspects of the inversion (e.g. smoothing and nuisance parameters) are conducted as for the fixed rake case. Further details of the formulation of the model and of its resolution are given in Appendix A. Our model results, along with synthetic and residual interferograms showing the fit to the data, are shown in Fig. 11 , with details listed in Table 5 . The differences between this model and the fixed rake model are perhaps surprising. The region of greatest slip in the fixed rake model was long and narrow, composed of three connected asperities between 76 and 132 km along-strike, with a fourth asperity further to the east, all confined to the upper 8 km of the fault. In the variable rake model, there are only two large asperities, and in general slip occurs down to greater depths. In all areas, the scale of the modelled fault slip features in the upper 12 km of the crust is equal to or less than the minimum resolvable distance in those areas; slip features on the lower 8 km of the fault are poorly resolved (Section A3, Fig. A2 ). The larger of the two aperities is located in the region of the double restraining bend (Section 3.1.3) between 100 and 124 km along-strike, and has a peak of ∼7 m of slip, with ∼5 m of slip occurring down to 16 km depth. The second asperity, with peak slip of 7.64 m, is located between 128 and 144 km along-strike, corresponding to the area of the largest residuals in the fixed rake model (Fig. 10g) , which have been almost totally suppressed in this case (Fig. 11g) ; this asperity has no analogue in the fixed rake model. Another key difference between the two models is the generally lower magnitude of surface slip shown by the variable rake model. With the exception of the second asperity, surface slip in the variable rake model is around 5 m or less, compared with 6 m or greater in the fixed rake model. As the 1σ uncertainties in slip are everywhere less than 20 cm, and 10 cm or less in the upper layer of fault patches, these differences are significant. The high fringe rates seen in the near fault areas in the variable rake model must, therefore, be due to the larger modelled components of dip-slip motion seen in the near surface layer of fault patches. Variations in these dip-slip motions, manifest as changes in rake of 20
• or greater that are significantly greater than the 5
• uncertainties corresponding to those fault patches, are particularly large in the area of the double restraining bend (fault segments 4-6, 100-124 km along-strike). This suggests that the local fault geometry exerts a strong control on the pattern of fault slip in this area.
In general, the fit to the data of the variable rake model is excellent given the high level of coherence, and therefore, data coverage on both sides of the fault. There are few residual fringes in the near field, particularly in the western and central tracks, and no significant residuals in the far field, reflected in the rms misfit of 0.028 malmost a factor of 2 improvement in fit. The total geodetic moment, of 2.84 × 10 20 N m, is again larger than the moment estimates from seismic data (Table 1) . This could be due to the presence of a small degree of early post-seismic motion in the coseismic interferogram (see Section 5.3 below).
D I S C U S S I O N A N D C O N C L U S I O N S
Subevents of the Manyi earthquake
Our studies of the geomorphology of the Manyi fault zone, and the surface displacements of the 1997 earthquake have revealed the Manyi fault to be a complex geometrical structure, with considerable heterogeneity in slip along its surface. Our preferred model for the 1997 earthquake (Section 4.4.2, Fig. 11 ), in which both the amount and direction of slip are allowed to vary on a fault geometry consistent with the mapped surface trace, and which contains a reversal in the fault dip located in its central portion, indicates that the majority of moment release occurred within the upper 12 km of the fault and within a 44-km-long zone along-strike.
The identification of a relatively narrow zone in which the largest fault slip occurrs may provide limited support for the body wave inversion model of Velasco et al. (2000) , who identify five subevents for the Manyi earthquake, all occurring within 25 km of the hypocentre. As the hypocentre in this case is located within fault segment 5 (Steck et al. 2001, Fig. 6) , it is possible that the zone of peak moment release could represent the superposition of the slip due to several, or indeed all, of these subevents; however, the location of the second cluster of fringes at distances of ∼80-90 km to the west of the hypocentre (Fig. 2) , suggest that at least one subevent should be located substantially further to the west. Preliminary attempts to reconcile teleseismic body wave data with the InSAR displacements by jointly inverting the two data sets suggest that two peaks on the source time function for the earthquake later than 30 s after the rupture initiation represent slip subevents at distances greater than 60 km west of the hypocentre (Funning 2005; Fukahata et al. 2005; Funning et al., in preparation) , in keeping with the significant levels of slip seen in our model at such distances (Fig. 11h) .
Mechanisms for generating interferogram asymmetry
A key feature that must be explained in elastic modelling of the Manyi interferograms is the asymmetry that can be seen in both the central and eastern track interferograms (Figs 2 and 12a) . Peltzer et al. (1999) suggested that such a deformation pattern required the crust to have different elastic moduli in the dilatational and compressional quadrants of the earthquake, that is, different rigidities under compression and tension. However, in almost all other cases of earthquakes studied with InSAR, including the nearby 2001 Kokoxili event (Lasserre et al. 2005) , such a rheology is not required, and as we have shown above, it is also possible to explain the observations for the Manyi earthquake without this requirement.
To understand the physical basis of the asymmetry in the fringe pattern, consider the geometry of faults shown in Fig. 12(b) , which shows fault segments, corresponding to fault segments 4, 5 and 6, forming a minor right jog. In the simple model considered, all three faults have the same, pure left-lateral rake, the same slip (6 m) and the same minimum and maximum depths (0 and 10 km, respectively). The westernmost fault segment has a dip of 80
• to the south, Peltzer et al. (1999) to compare with the non-linear elastic case. Here, the pattern of maximum displacements is approximately symmetric about the fault.
the other two dip at 80
• to the north. Fig. 12c shows the synthetic interferogram calculated for this fault geometry. The locations of the loci of maximum displacement either side of the fault are offset by over 15 km, and are close to their locations in the observed interferogram (Fig. 12a) . The shape of the displacement pattern also mimics that of the real data, in terms of the curvature of the lines of equal displacement, suggesting that the observed asymmetry in the data could be explicable in terms of a simple linear elastic model. This is compared with a model based upon a straight vertical fault, with the same slip, depth and rake as the three segment model; the pattern of displacements in this case is symmetrical (Fig. 12d) , with the loci of maximum displacement either side of the fault opposite each other across the fault. This model is a poor match to the real data, and demonstrates that vertical straight fault models, similar to those used by Peltzer et al. (1999) to test the linear elastic case, will not reproduce the observed displacement pattern in this region, and should not be used to evaluate the relative merits of the competing rheological models.
A bending fault model with a reversal of dip can explain both the asymmetry of the maxima of line-of-sight displacement of both sides of the fault, and also provides the best fit to the entire displacement field. Such dip-reversing strike-slip fault geometries have been obtained in sandbox models of double restraining bends (e.g. McClay & Bonora 2001) , and as such are mechanically plausible. As the inferred dip reversal occurs at the location of a restraining double fault bend, coincident with a pressure ridge (Section 3.1.3; Figs 4e and f), we believe that the model is also geologically plausible. There are other independent observations which may support this conclusion. The hypocentre of the earthquake, located using the best regional seismic velocity models by Steck et al. (2001) , is close to this reversal in dip, near the junction of the fourth and fifth fault segments (Fig. 6) . This is reminiscent of other large earthquakes, such as the M w 6.9 Kobe (1995) and the great M w 7.8 San Francisco earthquake (1906) , which are believed to have nucleated in the stepovers between inward-dipping fault segments (Jachens & Zoback 1999; Zoback 2003) . Although the geometry is not exactly identical in this case -the fault segments here dip outwards rather than inwards -it is likely that such a configuration of faults would result in a concentration of stress that would promote failure in the region of the junction of the faults.
Post seismic deformation and coseismic moment estimates
In a related study, we have observed significant post-seismic deformation in SAR interferograms of the Manyi area in the three years following the 1997 earthquake (Ryder et al., 2007) . Although the mechanism of the deformation cannot be unequivocally identified, it can be shown that afterslip consistent with the coseismic stress change on a deeper portion of the Manyi fault is a plausible candidate, and that the most rapid post-seismic deformation occurs in the immediate aftermath of the earthquake. Each of the three coseismic interferograms will have sampled a portion of this early post-seismic deformation, with the first useable post-earthquake image acquisition occurring 8, 24 and 40 days after the earthquake on tracks 076, 305 and 033, respectively. It is therefore, likely that some proportion of the post-seismic deformation signal will have been mapped into our coseismic slip models, on the lower portions of the fault.
A comparison of the moment estimates derived from our variable slip modelling of the InSAR displacements (Table 5 ) with seismically derived moment estimates (Table 1) is consistent with the notion that the geodetic models may overestimate the coseismic moment. In the absence of continuous GPS observations that have been used to correct coseismic models generated from InSAR data (e.g. Cakir et al. 2003) , careful comparison between, and joint inversion of, the InSAR data and seismic waveform data have the most potential as means to quantify the proportion of these coseismic moment estimates that is due to rapid post-seismic deformation, and that due to uncertainties in the model.
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A P P E N D I X A : D E TA I L S O F VA R I A B L E S L I P M O D E L L I N G
The approach to variable slip modelling taken in this study is broadly similar to those used in our previous space geodetic studies of earthquakes (e.g. Wright et al. 2004; Funning et al. 2005) , to which we refer the reader for a more detailed treatment of the mathematics. We simultaneously solve for slip (either a single component of slip, if a fixed rake is assumed, or two components of slip if variable slip is allowed) on an array of rectangular fault patches, a static shift in displacement for each interferogram data set (to account for the zero-level ambiguity in each data set), and gradients of displacement in the N-S and E-W direction (to account for errors in the orbital corrections used in the InSAR processing), all of which are linearly related to the observed data. Modelled values of slip are subject to a finite-difference Laplacian smoothing criterion and a positivity constraint, in order to prevent large oscillations in slip, which can imply localized strain gradients in excess of the known mechanical strength of crustal rocks, and physically unlikely retrograde slip, respectively. Given our lack of knowledge of shallow crustal structure and seismic velocities in the source region, a uniform linear elastic rheology, with Lamé elastic parameters λ = 32.3 and µ = 34.3 GPa, is assumed for all elastic dislocation models in this study.
A1 The influence of smoothing
The relative weighting of the observations and smoothing as constraints on the model solution is controlled by a smoothing parameter, κ. Increased values of κ represent an increase in the influence of smoothing on the result, and vice versa. The value of κ assumed has a strong influence on the form, amplitude and resolution of the model obtained (e.g. Funning et al. 2005) , and therefore, a clear rationale must be given for the choice of κ in a solution of this type.
In this study, we adopt the method of Jónsson et al. (2002) , whereby the rms misfit between modelled and observed values of displacement is plotted against 'solution roughness', a dimensionless quantity equivalent to the average gradient of slip on the fault plane, for a series of values of κ. Fig. A1 shows plots of misfit against solution roughness for the fixed rake and variable rake cases. There is a reciprocal relationship between the two quantities; the value of κ that we select in each case -850 for the fixed rake model, 700 for the variable rake model -corresponds to a compromise between them. In effect, the values selected give the best-fitting smooth model solution in each case.
A2 Model uncertainties
Uncertainties in the modelled slip values that we obtain are estimated with a Monte Carlo technique using realistically perturbed data. We Figure A1 . Selection of smoothing parameter (κ) for variable slip models. Root-mean-square (rms) misfit is plotted against solution roughness (e.g. Jónsson et al. 2002) for a set of model runs with different values of κ. The values selected (850 for the fixed rake inversion, 700 for the variable rake inversion) represent the best compromise between the smoothness of the solution and its ability to fit the data.
generate 100 sets of random synthetic correlated noise with the statistical properties of the residual phase in the far-field (>50 km from the fault, in this case), following the subtraction of a uniformslip model (Section 4.3.2, Fig. 9 ) and best-fitting plane from the data. These are then added to the resampled interferogram data sets to create 100 perturbed data sets, each of which is inverted as described above. The standard deviation of the model slip values obtained for each fault patch in this way is used as a measure of the uncertainty of our slip estimate for that patch. More detailed descriptions of the methodology are given elsewhere (e.g. Wright et al. 2003; Funning et al. 2005; Wright et al., in preparation) .
A3 Model resolution
The resolution matrix, R, of a given fault slip model is given by the relation:
where A is the kernel matrix relating model slip to measured ground displacement, S is the finite difference Laplacian operator used to smooth the data, and κ is the smoothing parameter, as above. The elements of R range in value between 0 and 1 with the elements in a single column summing to 1, each column representing a different fault patch in the model. If slip is perfectly resolved on a given patch, then the corresponding column in R will have a value of 1 at the leading diagonal position, and zeros elsewhere. If the model is underdetermined, there will be off-diagonal terms, the number and size of which reflect the degree to which slip on that patch is averaged with that of its neighbours in the model (e.g. Du et al. 1992) . This property of the resolution matrix can be used to estimate the spatial resolution at the location of any fault patch in the model. To demonstrate this, we project the columns of R (also known as 'resolution kernels') for 12 example fault patches at different depths and along-strike locations onto the fault plane for both the fixed rake case and variable rake case. We show the fixed rake case as an example (Fig. A2) . The spatial extent of the contoured resolution kernels is used as a proxy for the scale of the smallest resolvable feature at each example fault patch; an area of the fault where resolving power is high will have high kernel values tightly clustered in a few neighbouring patches, an area with poor resolution will have low values distributed between many patches. A peak resolution of ∼5 km, in both horizontal and vertical dimentsions, is obtained close to the centre of the fault in the upper layer of fault patches (Fig. A2g) . In the central area of the fault, between 50 and 140 km along-strike, the horizontal resolution does not degrade substantially away from this peak in the upper 8 km of the fault, where most of the peak fault slip occurs (Fig. 10h) , although the vertical resolution increases to ∼10 km in the second layer of fault patches (4-8 km depth, e.g. Fig. A2e, i) . Away from this central, upper fault region, both horizontal and vertical resolution degrade significantly, with the lowest horizontal resolution of ∼20 km occurring at the base of the fault (e.g. Fig. A2f, l) and the lowest vertical resolution, of ∼18 km, at the western end of the fault (Fig. A2a) . Resolution is, therefore, good in the areas where the greatest slip occurs, and therefore, we believe that the features that we interpret in those areas are adequately resolved.
For the variable rake case, the pattern of resolution kernels is very similar and the same general conclusions can be drawn about the resolution of most of the slip features, with perhaps the exception of the deep slip at fault segment 6 (12-20 km depth, 120-128 km alongstrike), which occurs in a portion of the fault where the resolution kernels are likely to be widely dispersed (Figs 11h, A2f,l) , and is thus poorly resolved. Overall, resolution is marginally degraded (by up to a few km) with respect to the fixed rake case, due to the estimation of double the number of slip parameters. As may also be expected, dip-slip fault displacements are better resolved than strike-slip, given that InSAR measurements with ERS satellite data are approximately three times more sensitive to vertical deformation than horizontal.
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